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SECTION  1 
INTRODUCTION 


It  is  widely  recognized  that  for  the  past  25  years,  several 
aluminum  alloys  have  reliably  served  the  purpose  of  storing  liquid 
cryogenic  fuels  such  as  hydrogen,  oxygen  and  natural  gas.  Even 
today,  2219  aluminum  alloy  in  the  T87  temper  is  used  by  NASA  for 
the  main  rocket  fuel  tank  in  the  Space  Shuttle.  The  driving  force 
behind  this  usage  has  been  the  excellent  specific  mechanical 
properties  (i.e.  properties  such  as  modulus,  yield  strength,  UTS, 
etc.  normalized  by  density) ,  ease  of  weldability  and  liquid  oxygen 
compatibility.  Although  the  latter  two  characteristics  have  not 
yet  been  convincingly  proven  for  the  Al-Li  alloys  in  commercial 
production,  mechanical  properties  at  cryogenic  properties  are 
comparable  to  the  2219  alloy.  Thus  Al-Li  alloys  originally 
developed  for  replacement  of  more  heavier  2XXX  and  7XXX  aluminum 
alloys  for  airframe  applications  now  appear  to  also  have  a  poten¬ 
tial  application  in  the  handling  of  cryogenic  fuels  and  cryogenic 
applications  in  general. 

In  the  past  few  years  mechanical  behavior  and  fracture 
mechanisms  at  cryogenic  temperatures  have  been  reported,  for  the 
2090,  2091,  and  8090  Al-Li  alloys  in  plate  product  form  (1-6) . 
Although  improved  cryogenic  behavior  has  generally  been  observed, 
there  is  no  consensus  on  the  cryogenic  fracture  mechanisms  for  Al- 
Li  alloys.  Secondly,  cryogenic  mechanical  behaviour  for  sheet 
product  of  Al-Li  alloys  is  lacking.  This  investigation  was  there¬ 
fore  aimed  (1)  at  filling  the  gap  in  knowledge  on  the  mechanical 
behavior  of  Al-Li  sheet  product  forms  at  cryogenic  temperatures 
and  (2)  understanding  the  fracture  mechanisms  associated  with 
quasi-static  loading  of  fracture  toughness  specimens. 
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SECTION  2 
BACKGROUND 


Al-Li  alloys  (1-6)  have  often  been  observed  to  exhibit  much 
higher  strength  and  fracture  toughness  at  cryogenic  temperatures 
as  compared  to  that  at  ambient  temperature.  The  superior  tough¬ 
ness  and  ductility,  which  most  often  have  been  noted  in  L-T  and  T- 
L  orientations,  are  in  the  range  of  5  to  90  percent.  The 
improvement  in  the  strength,  on  the  other  hand,  which  has  been 
noted  in  all  Al-Li  alloys  in  all  tempers  and  orientations  is  of 
the  order  of  25  percent.  Al-Li  alloys  in  short-transverse  orien¬ 
tation  offer  no  improvement  in  ductility  and  toughness  at 
cryogenic  temperatures,  but  the  decrease  in  these  properties  from 
ambient  temperature  values  is  relatively  small.  Combined  with  the 
fact  that  Al-Li  alloys  can  provide  substantial  reductions  in 
structural  weight,  this  interesting  cryogenic  behavior  has  gener¬ 
ated  tremendous  drive  for  use  in  liquid  fuel,  i.e.  liquid  hydrogen 
and  liquid  oxygen  storage  applications.  Prior  to  such  use,  a 
critical  issue  yet  remaining  is  the  understanding  of  the  fracture 
mechanisms  that  govern  fracture  toughness  of  Al-Li  alloys  at 
cryogenic  temperatures.  Since  liquid  helium  and  liquid  nitrogen 
temperatures  are  approximately  20  degrees  lower  than  liquid 
hydrogen  and  liquid  oxygen,  respectively,  laboratory  cryogenic 
data  are  extremely  useful  for  screening  purposes  before  additional 
expensive  tests  such  as  liquid  oxygen  compatibility  (LOX)  tests 
are  performed. 

Mechanisms  of  fracture  of  Al-Li  alloys  at  cryogenic  tempera¬ 
tures  have  been  investigated  by  only  a  few  workers  in  the  past 
five  years.  One  common  observation  that  has  been  reported  by  all 
is  an  increase  in  through  thickness  delaminations  when  Al-Li 
alloys  are  tested  in  L-T  and  T-L  orientations  at  cryogenic 
temperatures.  These  delaminations  microstructurally  coincide  with 
certain  high  angle  grain  boundaries  suggesting  their  inherent 
weakness  under  conditions  of  through-thickness  stresses.  The 
occurrence  of  delaminations  has  been  proposed  as  the  major 
mechanism  for  improvement  in  cryogenic  fracture  toughness.  These 
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delaminations  obviously  create  free  surfaces  and  result  in  lower¬ 
ing  the  through-thickness  constraint  which  changes  the  plane 
strain  state  of  stress  to  plane  stress.  Thus  once  delaminations 
occur,  a  higher  crack  driving  force  is  needed  for  sustained  crack 
extension,  resulting  in  a  higher  fracture  toughness.  Since  higher 
fracture  toughness  is  achieved  via  these  through-thickness 
delaminations,  this  mechanism  has  been  termed  "delamination 
toughening"  or  "thin  sheet  toughening"  (2, 4, 6, 7). 

Historically,  fracture  mechanisms  have  also  been  related  to 
material  deformation  and  material  microstructure.  Dislocation 
mechanisms  explaining  toughening  and  ductility  enhancement  at 
cryogenic  temperatures  have  been  proposed,  and  the  mechanism  has 
been  identified  as  homogeneous  deformation  (clip)  mode.  Since  Al- 
Li  alloys  deform  by  localized  or  heterogeneous  slip  mode  at  room 
temperature,  the  mechanism  (3)  is  consistent  with  the  general 
observation  of  increased  strain  hardening  and  fracture  strain  at 
cryogenic  temperatures.  Wider  dislocation  slip  bands  with  nar¬ 
rower  spacing  at  77  K  which  are  indicative  of  a  homogeneous 
deformation  mode  (as  compared  to  narrower  and  widely  spaced  slip 
bands  at  room  temperature)  along  with  higher  strain  hardening 
exponents  and  percent  elongation  in  tensile  specimens  have  been 
observed  (6) .  Welpmann  et  al.  (8)  made  similar  observations  in 
8090  Al-Li  alloy.  Shin  et  al.  (9)  observed  higher  elongation  and 
strain  hardening  in  the  cryogenic  temperature  range  to  be  governed 
by  spacing  between  super  dislocations.  Smaller  spacing  at  77  K 
and  wider  spacing  at  294  K,  indicative  of  a  homogeneous  slip  mode 
at  liquid  nitrogen  temperature  and  localized  deformation  mode  at 
room  temperature,  has  been  observed. 

The  dislocation  mechanism  observations  indicate  that  al¬ 
though  delaminations  occur  at  cryogenic  temperatures  in  Al-Li 
alloys,  homogeneous  deformation  mode  in  the  laminates  created 
between  the  delaminations  have  a  higher  ductility  that  give  rise 
to  an  overall  higher  toughness.  This  argument  appears  to  be 
reasonable  irrespective  of  whether  strain  hardening  exponent 
increases  at  cryogenic  temperatures  or  not. 

The  present  study  was  undertaken  to  examine  if  delaminations 
would  occur  in  sheet  material  and,  if  they  indeed  occurred,  what 
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role  would  they  play  in  controlling  toughness  at  cryogenic 
temperatures.  To  achieve  this  objective,  two  2091  sheets  with 
different  thicknesses  were  chosen  for  the  study. 
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SECTION  3 

EXPERIMENTAL  PROCEDURES 


The  test  material  investigated  in  this  effort  was  A1  2091-T3 
sheet  produced  by  ALCOA.  Two  sheet  thicknesses  were  examined: 

1.6  and  3.6  mm  (0.063  and  0.144  inch,  respectively).  Tensile 
specimens  were  taken  from  the  full  thickness  of  each  sheet,  with 
.  gage  section  dimensions  approximately  6.4  mm  (0.25  inch)  in  width 

with  a  25.4  mm  (1.00  inch)  gage  length.  Specimens  were  removed 
from  various  orientations  of  each  sheet  to  examine  for  any 
anisotropy  in  strength  properties,  with  the  loading  directions 
(relative  to  the  rolling  direction)  of  0,  45,  60,  and  90  degrees. 

For  toughness  determination,  C(T)  specimens  were  removed 
from  the  3 . 6  mm  (0.144  inch)  sheet,  with  the  width  (W)  of  38  mm 
(1.5  inches)  and  thickness  equal  to  the  full  sheet  thickness. 
Because  of  anticipated  buckling  problems  with  the  thinner  gage 
material,  M(T)  specimens  were  removed  from  the  1.6  mm  (0.063  inch) 
sheet,  with  W  equal  to  approximately  102  mm  (4.0  inches).  Again, 
toughness  properties  for  both  product  thicknesses  were  examined 
for  the  various  sheet  directions:  0  (L-T) ,  30,  45,  60,  and 
90  (T-L)  degrees. 

Tensile  testing  was  performed  in  a  10-KIP  capacity  Instron 
Universal  testing  machine  at  294,  77,  and  4  K  (70,  -321,  and 
-450* F,  respectively),  following  guidelines  set  forth  in  ASTM  E-8 
Tensile  Testing  of  Metallic  Materials.  For  the  77  K  tests  the 
samples  were  totally  immersed  in  liquid  nitrogen,  with  strain 
monitored  with  a  cryogenic  extensometer.  Testing  at  4  K  was 
performed  in  a  liquid  helium  dewar  modified  with  a  special  testing 
^  insert  to  perform  tensile  type  loading.  Again  the  sample  was 

continually  submerged  in  liquid  helium  for  the  duration  of  the 
*  test,  with  specimen  strain  obtained  via  strain  gages  affixed  to 

the  gage  section. 

Toughness  testing  was  performed  using  those  procedures 
outlined  in  ASTM  Practice  E-561  for  R-Curve  Determination.  A  data 
acquisition  system,  developed  for  an  HP  Model  216  computer  system, 
was  used  to  obtain  continuous  records  of  Kr  versus  effective  crack 
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extension.  Compliance  methods  were  used  to  monitor  effective 
crack  length  at  the  test  temperatures  previously  described. 
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SECTION  4 

RESULTS  AND  DISCUSSION 

Actual  chemical  composition  of  both  sheets  used  in  the 
present  investigation  are  shown  in  Table  1.  Optical  micrographs 
of  the  grain  structure  in  the  three  planes  of  the  two  sheets  are 
shown  in  Figure  1.  The  grain  size  in  the  1.6  mm  sheet  is  substan¬ 
tially  smaller,  and  the  grain  shape  in  the  rolling  plane  is  more 
equiaxed  resulting  in  a  reduced  length  of  the  continuous  high 
angle  grain  boundaries  as  compared  to  the  3.6  mm  sheet.  However, 
extremely  long  grain  boundaries  (of  the  order  of  millimeters)  in 
directions  normal  to  the  thicknesses  are  observed  for  both 
sheets. 

Tensile  properties  at  294,  77,  and  4  K  are  shown  in  Table  2 
for  both  1.6  and  3.6  mm  sheets  as  a  function  of  sheet  orientation. 
The  variation  in  strength  and  ductility  as  a  function  of  specimen 
orientation  is  shown  in  Figure  2,  for  the  3.6  mm  sheet.  Both  at 
room  temperature  and  liquid  nitrogen,  a  minimum  in  the  yield 
strength  and  a  maximum  in  the  %  elongation  is  observed  around 
45  degrees.  These  observations  along  with  the  significant  in¬ 
crease  in  yield  and  ultimate  tensile  strength  at  cryogenic 
temperatures  (in  all  orientations),  is  similar  to  the  behavior  of 
other  Al-Li  alloys.  The  lowest  strength  and  the  highest  tensile 
elongation  in  the  neighborhood  of  45  degrees  can  be  explained  by 
the  texture  produced  during  the  processing  (in  this  case  rolling) 
of  the  material.  As  shown  in  Figure  1,  although  the  grains  in  the 
rolling  plane  appear  to  be  equiaxed,  substantial  alignment  of  the 
grains  exists  in  the  other  two  planes,  suggesting  that  a  strong 
texture  still  prevails  in  both  sheet  materials  which  results  in 
in-plane  anisotropy  of  mechanical  properties.  Since  ductility 
enhancement  of  Al-Li  alloys  at  cryogenic  temperatures  has  been 
rationalized  in  terms  of  strain  hardening  rate  and  exponent, 
strain  hardening  exponents  were  calculated  for  the  present  alloys 
and  are  included  in  Table  2.  The  difference  in  strain  hardening 
exponents  (n)  between  294  and  77  K  is  so  small  that  not  much 
significance  can  be  attached  to  this  change.  Unlike  earlier 
observations  on  2090  and  8090  (1-6,8,9,10),  ductility  of  the 
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TABLE  1 


NOMINAL 

CHEMICAL 

COMPOSITION 

OF  2091 

SHEETS 

IN  WEIGHT 

PERCENT 

Product 

Li 

Cu 

Mq 

Fe 

Si 

Mn 

1 . 6  mm 

1.68 

2.17 

mm 

0.1 

0.1 

0.09 

3 . 6  mm 

1.71 

1.99 

0.1 

0.1 

0.09 

Cr,  Zr,  Ti  and  Zn  not  detected. 
Cr  0.06%  if  present. 

Zr  0.1%  if  present. 

Ti  0.05%  if  present. 

Zn  1.0%  if  present. 
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3.6  mm 
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TENSILE  PROPERTIES  OF  THE  3.6mm  AND  1.6inm  2091  SHEETS  AT  294K,  77K  AND  4K 
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Variat’on  of  Yield  (YS)  and  Ultimate  Tensile  Strengths  (UTS) 
Elongation  as  a  Function  of  Specimen  Orientation 
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present  2091  alloys  decreases  at  both  77  and  4  K.  These  results 
on  strength  and  ductility  obtained  in  the  longitudinal  orientation 
for  both  sheets  and  in  the  transverse  orientation  for  the  3.6  nun 
sheet  are  shown  as  a  function  of  temperature  in  Figure  3 . 

To  understand  the  reduction  in  ductility  in  terms  of  dis¬ 
location  arrangements,  slip  mode  at  the  two  temperatures  was 
studied  using  thin  foils  cut  from  tensile  specimens  that  were 
strained  to  2  percent.  Figures  4(a)  and  (b)  show  the  images 
obtained  under  2-beam  conditions.  Planar  dislocation  arrays  at 
77  K  and  tangled  dislocation  networks  at  294  K  are  observed. 

These  observations  appear  to  be  consistent  with  the  brittle  nature 
of  the  alloy  at  77  K  and  are  thus  postulated  to  be  a  reason  for 
the  reduction  in  ductility  along  the  model  proposed  by  Ashby  et 
al.  (11),  who  recently  showed  that  brittle  behavior  could  be 
exhibited  by  a  material  if  dislocation  generation  is  suppressed. 

The  differences  in  the  dislocation  arrangements  result  in  a 
substantial  difference  in  the  fracture  characteristics  at  ambient 
and  cryogenic  temperatures.  As  will  be  noted  later,  these  fea¬ 
tures  are  accentuated  in  the  presence  of  a  notch.  The  comparison 
between  the  failure  modes  at  ambient  and  cryogenic  temperatures  is 
shown  in  Figure  5,  for  the  longitudinal  orientation.  Low  mag¬ 
nification  pictures  (Figures  5(a-c))  show  that  complete 
delaminations  (i.e.  deeper  and  longer)  occur  only  at  liquid 
nitrogen  temperature  and  below.  At  294  K  delaminations  are  incom¬ 
plete,  in  the  sense  that  they  are  neither  deeper  nor  do  they  cover 
a  major  portion  of  the  width  of  the  specimen.  As  shown  in  the 
high  magnification  micrographs  (Figures  5(d-f)),  fracture  occurs 
by  a  mixture  of  transgranular  slip  band  (or  shear)  cracks  and 
intergranular  failure  at  77  K  and  below,  whereas  at  294  K  fracture 
occurs  by  ductile  transgranular  microvoid  coalescence.  The  term 
'brittle  fracture  mode'  has  been  used  here  for  transgranular  slip 
band  cracking  and  intergranular  cracking.  Fractographic  features 
on  tensile  specimens  tested  in  other  orientations  of  the  3.6  mm 
sheet  and  1.6  mm  sheet  are  approximately  similar  and  do  not  war¬ 
rant  discussion. 

R-curves  for  the  3.6  mm  sheet  loaded  in  various  orientations 
at  ambient  and  liquid  nitrogen  temperatures  are  shown  in  Figure  6, 


STRENGTH  (MPo) 


*oo-r^^i?s 


2091 -T3 

3.6  mm  SHECT 

LONCITUOINAL 


TEMPERATURE  (K  ) 


TEMPERATURE  (K  ) 


g300- 


2091 -T3 

1.6  mm  SHEET 

LONGITUDINAL 


100  200 
TEMPERATURE  (K  ) 


Figure  3.  Effect  of  Temperature  on  the  Tensile  Properties  in  the 
Longitudinal  and  Long-Transverse  Orientation  for  the 
3.6mm  and  Longitudinal  Orientation  for  the  1.6mm. 
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Figure  6 


Orientation  on  the  R-Curves  at  294K  and  77K 
tor  the  3.6mm  Sheet. 


while  the  effect  of  temperature  for  each  orientation  is  shown 
separately  in  Figures  7(a-e).  At  both  temperatures  and  for  crack 
extensions  longer  than  2  mm,  R-curve  for  the  0  degree  orientation 
lies  above  the  carves  of  other  orientations,  indicating  a  higher 
crack  growth  resistance.  This  same  trend  is  also  seen  for  the 

1.6  mm  thick  material,  shown  in  Figures  8  and  9. 

For  all  orientations,  the  resistance  curves  of  the  3.6  mm 
material  at  liquid  nitrogen  conditions  fell  consistently  below  the 
ambient  test  results.  For  the  1.6  mm  M(T)  samples,  such  a  drop  is 
not  as  apparent,  though  the  resistance  curves  at  liquid  nitrogen 
temperatures  were  terminated  (due  to  specimen  fracture)  over  a 
small  range  of  effective  crack  extension  as  shown  in 
Figures  9(a-d). 

As  discussed  above,  both  the  3.6  mm  and  1.6  mm  sheet 
materials  exhibited  qualitatively  similar  toughness,  i.e,  rising 
R-curves.  Values  of  Kr-25%,  a  value  of  K  on  the  R-curve  based  on 
a  25%  secant  intercept  of  the  load-displacement  curve  which  can  be 
used  as  per  ASTM  B646  as  toughness  correlator  for  the  C(T) 
specimen,  are  shown  in  Table  3  for  the  3.6  mm  sheet.  Also  shown 
are  the  values  of  Kr-max,  a  value  of  K  on  the  R-curve  based  on 
maximum  load  and  corresponding  effective  crack  length.  Kr-max 
values  for  the  1.6  mm  sheet  are  shown  in  Table  4.  Kr-25%  values 

for  the  center  cracked  panels  have  been  intentionally  omitted  from 
Table  4  since  the  testing  standard  suggests  only  Kr-max,  values 
for  this  geometry.  Quantitative  comparisons  between  the  two 
sheets,  as  shown  in  Tables  3  and  4,  need  to  be  cautiously  made 
since  3.6  mm  material  was  tested  in  the  form  of  compact  tensions, 
whereas  the  1.6  mm  material  was  tested  as  center  cracked  panels. 
However,  some  testing  was  performed  on  center  cracked  panels  of 

3.6  mm  material  reduced  to  a  thickness  of  1.6  mm,  to  find  if  any 
difference  in  R-curve  behavior  between  the  two  sheet  thicknesses 
exists  for  an  identical  specimen  geometry.  The  results,  as  shown 
in  Figure  10,  indicate  similar  R-curve  behavior  for  the  two  sheets 
but  a  slightly  lower  toughness  (Kr-max)  for  the  reduced  3.6  mm 
sheet.  Thus,  the  smaller  values  of  Kr-max  for  the  3.6  mm  sheet  as 
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120 


2091 -T3  SHEET 


Figure  7 


(a) 


(b) 


Effect  of  Temperature  (294  vs.  77K)  on  the  R-Curves  for 

(a)  0  ,  (b)  30®,  (c)  45°,  (d)  60°  and  (e)  90°  Orientations 
for  the  3.6inm  Sheet. 


(e) 


Figure  7  (Concluded) 
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(a)  0\  (b)  45%  (c) 
for  the  1.6nun  Sheet. 


TABLE  3 


Kr-25%  AND  Kr-max  VALUES  AT  294K  AND  77K  AT  VARIOUS  ORIENTATIONS 
FOR  THE  3.6inin  THICK  2091-T3  ALLOY,  C(T)  SPECIMENS 


Orientation  Temperature  ^^25%  ^^max 

(Deg)  K  (F)  MPa/m~  (KSl/In)  MPa/itT  (KSl/In 


0 

294 

(70) 

60 

(55) 

88 

(80) 

30 

M 

58 

(53) 

92 

(84) 

45 

II 

56 

(51) 

89 

(81) 

60 

If 

64 

(58) 

93 

(85) 

90 

II 

57 

(52) 

81 

(74) 

0 

77 

(-321) 

57 

(52) 

69 

(63) 

30 

II 

54 

(49) 

60 

(55) 

45 

II 

52 

(47) 

59 

(54) 

60 

II 

51 

(46) 

56 

(51) 

90 

II 

53 

(48) 

65 

(59) 
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TABLE  4 


Kr-max  VALUES  AT  294K  AND 

77K 

AT  VARIOUS 

ORIENTATIONS  FOR 

THE 

1.6nOT  THICK  2091 

-T3 

ALLOY,  M(T) 

SPECIMENS 

Orientation 

Temperature 

Kr25% 

Kr 

max 

(Deq) 

K  (F)  MPa/m 

(KSl/In) 

MPa/m 

(KSI/Tn) 

0 

294  (70) 

65 

(59) 

96 

(87) 

45 

II 

53 

(48) 

125* 

(114)  * 

60 

tl 

48 

(44) 

149* 

(136)  * 

90 

If 

52 

(47) 

115* 

(105) * 

0 

77  (-321) 

59 

(54) 

86 

(78) 

45 

II 

54 

(49) 

77 

(70) 

60 

n 

55 

(50) 

84 

(76) 

90 

11 

54 

(49) 

73 

(66) 

^Invalid  due  to  net  section  yielding. 
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Figure  10. 


(a)  Comparison  of  R-Curve  Behavior  of  the  3.6mm  Sheet 
Reduced  to  1.6mm  and  Tested  in  Center  Cracked  Specimen 
Configuration  to  the  Compact  Tension  Specimen 


compared  to  the  1.6  mm  material  for  the  present  2091  sheets  ap¬ 
pears  to  be  related  to  microstructural  differences,  i.e.  grain 
size,  between  the  two  sheets. 

At  liquid  nitrogen  temperature,  both  sheets  could  not  sus¬ 
tain  large  crack  extensions  and  thus  Kr  curves  at  liquid  nitrogen 
temperature  appeared  curtailed  at  lower  values  of  crack  length 
increment.  This  behavior  is  pronounced  in  the  thinner  sheet  as 
exemplified  in  Figure  11,  where  load-displacement  curves  for 
approximately  similar  starting  fatigue  precracks  are  compared  for 
294  and  77  K.  The  early  curtailment  of  crack  growth  resistance  at 
77  K  appears  to  be  related  to  the  brittle  failure  mode  as  shown  in 
the  associated  micrograph  in  Figure  11. 

At  ambient  temperature,  specimens  oriented  in  the  lon¬ 
gitudinal  direction  (0  degrees)  failed  by  a  microvoid  coalescence 
mechanism.  As  the  orientation  of  the  stress  axis  changed  towards 
90  degrees  with  respect  to  the  rolling  direction  microvoid  coales¬ 
cence  progressively  decreased  and  delaminations  along  grain 
boundaries  increased.  In  the  T-L  orientation  (90  degrees  to  the 
rolling  direction)  failure  by  microvoid  coalescence  is  sparse  and 
the  predominant  mode  of  failure  is  slip  band  and  grain  boundary 
cracking  with  intense  delaminations  along  the  through-the- 
thickness  of  the  specimen.  Micrographs  showing  these 
fractographic  results  are  shown  in  Figures  12-16. 

At  liquid  nitrogen  temperature  all  specimens  exhibited 
delaminations  and  brittle  failure.  These  results  suggest  that  a 
delamination  toughening  mechanism  does  not  produce  any  improvement 
in  fracture  toughness  at  77  K  in  this  material.  The  fracture 
toughness  trend  shown  in  terms  of  Kr-25%  and  Kr-max  in  Figure  17 
consistently  shows  that  the  values  are  lower  at  77  K.  The  frac¬ 
ture  mode  transition  from  ductile  microvoid  coalescence  to  slip 
band  plus  grain  boundary  fracture  is  the  factor  that  is  decreasing 
the  fracture  toughness  at  cryogenic  temperatures  in  the  present 
materials. 
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Panels  (45°  Orientation)  with  Similar  Fatigue  Precrack  Lengths 
Showing  the  Inability  to  Sustain  Stable  Crack  Extension  at  Liquid 
Nitrogen  Temperature.  Notice  in  the  Fractographs  the  Ductile 
Failure  Mode  at  294K  and  Brittle  Failure  Mode  at  77K. 


Figure  12.  SEM  Fractographs  Showing  (a)  Failure  by  Ductile 
Microvoid  Coalescence  at  294K  and  (b)  Brittle 
Intergranular  and  Slip  Band  Cracking  at  77K,  for 
the  0°  Oriented  R-Curve  Specimen. 


Figure  13. 


SEM  Fractographs  Showing  (a)  the  Ductile  Microvoid 
Coalescence  with  Delaminations  Associated  with  Grain 
Boundaries  at  294K  and  (b)  Larger  Number  of  Delami¬ 
nations  with  Brittle  Intergranular  and  Slip  Band 
Cracking  at  77K.  R-Curve  Specimen  Oriented  30  Degrees 
to  the  Rolling  Direction. 


(b) 


Figure  14.  Mechanism  of  Failure  in  the  45°  Oriented  R-Curve 
Specimen  at  294K  (a)  and  77K  (b)  is  Similar  to 

that  of  the  30°  Oriented  Specimen. 
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Figure  15.  SEM  Fractographs  Showing  (a)  Larger  Number  of 

Delaminations  Occurring  at  294K  in  the  60°  Oriented 
R-Curve  Specimen  as  Compared  (b)  Brittle  Failure 
and  Delciminations  at  77K. 
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SEM  Fractographs  Showing  that  the  Failure  at 
(a)  294K  in  90°  Oriented  R-Curve  Specimen  is 

Largely  by  Delaminations  and  Some  Microvoid 
Coalescence;  and  at  77K  Brittle  Failure  with 
Delaminations, (b) . 


Kr^  (MPo- 


2091 -T3 
3  6  mm  thMl 


90: 


2091 -T3 
3.6  mm  sheet 


(b) 


Values  of  Kr-25%  and  Kr-maximum  at  294K  and  77K  as 
a  Function  of  Orientation  of  the  3.6  nun  R-Curve 
Specimens,  (a)  and  (b) ;  and  Kr-maximum  Values  for  the 
1.6  mm  Sheet  (c) . 
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Figure  17. 


SECTION  5 

REMARKS  ON  PRESENT  FINDINGS 

Since  it  is  well  known  that  Al-Li  alloys  have  inherently 
weak  short-transverse  properties  and  the  high  angle  grain  bound¬ 
aries  can  fracture  at  cryogenic  temperatures,  the  present  study 
was  undertaken  on  sheet  material  hoping  to  avoid  these  factors. 
From  the  present  study  it  is  clear  that  the  behavior  of  Al-Li 
alloys  could  still  be  very  puzzling.  The  most  unexpected  result 
is  the  through-thickness  delaminations  at  cryogenic  temperatures, 
in  sheets  as  thin  as  3.6  and  1.6  mm,  as  shown  in  Figure  18.  This 
result  is  surprising,  since  we  would  expect  the  triaxial  con¬ 
straint  and  hence  the  through-thickness  stress  in  thin  sheet  to  be 
minimal.  Microstructurally,  the  T3  temper  that  was  chosen  for  the 
present  study  did  not  contain  any  harmful  equilibrium  grain  bound¬ 
ary  precipitates  or  precipitate  free  zones.  However,  grain  shape 
in  the  L-S  and  T-S  planes,  as  was  pointed  out  and  shown  in  Figure 
1,  is  highly  elongated  and  the  grain  boundaries  run  several  mil¬ 
limeters  long.  The  present  study  has  revealed  some  important 
results  on  the  mechanical  behavior  and  associated  fracture 
mechanisms  of  2091  sheet  material  at  cryogenic  temperatures. 
However,  understanding  of  the  fracture  modes  is  still  incomplete. 
More  work  needs  to  be  performed,  and  a  number  of  newer  alloys  such 
as  Weldalite®  and  latest  versions  of  2090,  2091  and  8090  alloys 
need  to  be  investigated  for  their  cryogenic  performance  in  as- 
received  and  as-welded  conditions.  At  cryogenic  temperatures, 
interior  of  the  grains  may  harden  to  a  much  higher  stress  than  the 
grain  boundaries.  It  is  envisaged  that  stresses  that  may  build  up 
at  the  grain  boundaries  due  to  the  elevated  strength  of  the  grain 
interior  may  crack  the  grain  boundaries  by  a  stress  controlled 
fracture  mechanism. 
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Figure  18.  Macrophotographs  Showing  Delaminations  in  Both 
(a)  1 . 6inm  and  (b)  3.6mm  Sheets. 


SECTION  6 
CONCLUSIONS 

The  present  investigations  on  2091  sheet  materials  lead  to 

the  following  conclusions. 

1.  Strength  and  ductility  can  be  related  to  rolling  texture 
that  is  prevalent  in  these  materials.  A  minimum  in  strength 
and  a  corresponding  maximum  in  ductility  occurs  around 

45  degrees. 

2.  Yield  and  ultimate  strength  increase  at  cryogenic  tempera¬ 
tures  in  all  orientations  by  15  to  30  percent. 

3.  Ductility  is  decreased  at  cryogenic  temperatures  in  all 
orientations. 

4 .  Crack  growth  resistance  as  measured  by  R-curves  is  decreased 
at  cryogenic  temperatures  in  all  orientations. 

5.  The  decrease  in  tensile  ductility  and  crack  growth  resis¬ 
tance  is  related  to  an  inability  to  produce  mobile 
dislocations  ahead  of  the  crack  tip. 

6.  The  decrease  in  toughness  can  be  related  to  a  change  in  the 
fracture  mode.  At  ambient  temperature,  fracture  occurs  by 
ductile  microvoid  coalescence,  whereas  at  cryogenic  tempera¬ 
tures,  fracture  occurs  by  slip  band  and  intergranular 
cracking. 
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